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[ Abstract] The thermal residual stresses and the stress distributions of short fiber reinforced metal matrix composite un-

der tensile and compressive loadings were studied using large strain axisymmetric elasto plastic finite element method. It is

demonstrated that the thermal residual stresses can result in asymmetrical stress distributions and matrix plasticity. The

thermal residual stresses decrease the stress transfer in tension and enhance the stress transfer in compression. The fiber

volume fraction has more important effects on the thermal residual stresses and the stress distributions under tensile and

compressive loadings than the fiber aspect ratio and the fiber end distance.
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1 INTRODUCTION

Due to larger difference in thermal expansion co-
efficient between the fiber and the matrix and special
geometrical shape of the fiber, the thermal residual
stresses (TRS) generated during cooling from high
(processing) temperature to room temperature have
important influences on the mechanical properties of
short fiber reinforced metal matrix
(SFRMMC) ! 81,
some investigators used the Eshelby method to calcu-
late the average TRS in the matrix and the fiber and

to relate them to the composite propertiesl” *!; an-

composites

To interpret these influences,

other investigators applied the finite element method

(FEM) to study the distributions of TRS and their

3-8 Howev-

er, it can be noted that there are only very limited
studies about detailed distributions of TRS and the
stress distributions under the tensile and compressive

influences on the composite flow curves

loadings and the effects of the material parameters on
stress distributions. Therefore, in the present study,
the large strain axisymmetric elasto-plastic FEM is
used to investigate the effects of the material structure
parameters ( fiber volume fraction, fiber aspect ratio
and fiber end distance) on the distributions of TRS
and subsequent stress distributions under the tensile
and compressive loadings of typical SiC whisker rein-
forced aluminum matrix composite.

2 FINITE ELEMENT MODEL

Two geometric models, one with the fiber ends
aligned and the other with them staggered, were in
general used for the typical FEM calculation of M M-
Cs. For SiC,/6061Al1 composite here, according to
the results of experiment!* *!, the aligned model was
used. The composite was assumed to consist of an ar-
ray of hexagonal unit cells, each unit cell contains a
cylindrical fiber. The unit cell is further regarded as a
cylindrical unit cell, as shown in Fig. 1(a) .

The fiber volume fraction is written as

®= (TRELy)/(TREL ) (1)
And the aspect ratios of the fiber and the unit cell are
defined as

Ar= Lv/ Ry, Ac= Lc/ Rc (2)
The fiber end distance is described as

K= L¢/ Ly (3)
where Ry and Ly, Rc and L are the radius and

the lengths of the fiber and the unit cell, respective-
ly.

Due to the symmetry of the model, only quarter
of the unit cell is considered in the present analysis.
4-Crossed Triangle Element is used, the finite ele-
ment mesh is identical to that in Ref.[9]. The total
numbers of the nodes and the quadrilateral elements
are 2045 and 980, respectively.

The loading history of the composite was as
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Fig.1 Schematic diagram of fiber
arrangement in composite (a) and boundary
condition in FEM (b)

follows.

1) A thermal loading was applied to the compos-
ite to calculate thermal residual stresses generated
during cooling from processing (high) temperature to
room (low) temperature. The boundary conditions
for this step are shown in Fig. 1(b).

mAD ur=0, Tz=0;

in AB uz=0, Tr= 0;

R(l L "
in DC uz= Uy L T7;RdR= 0, Tr= 0;

Lo s . "
in BC, L T'rdZ=10, T;,= 0, ug= U,

where uz, ug and Tz, Ty are the displacement
rates and the loading rates of the unit cell boundaries
along the Z and R directions; U; and U, are the u-
niform displacement rates in the unit cell boundaries,
which should keep uniform during the simulation.

2) A tensile or compressive loading was applied

to the composite at room temperature to calculate re

spectively the stress distribution in two loading condi-
tions.

in AD, AB and BC, same as thermal loading;

in DC, TR: 0, iLZ: U
where U is the prescribed axial displacement rate.

The analysis assumes that the fiber was a linear
elastic material and the matrix was a linear elastic
thermorplastic material exhibiting isotropic work
hardening and obeying the von Mises yield criterion.
Furthermore, the analysis assumed that a perfect in-
terfacial bound existed between the fiber and the ma-
trix. The updated-Lagrangian-Jaumann formulation,
the JoF flow theory of thermal elastio-plastic, the vir
tual power equilibrium equation and the element stiff-
ness equation described by Lagrange stress tensor "
were used in the finite element calculations.

Since TRS in most SFRMMCs, e. g. SiC,/
6061A1 composites, are generated mainly at a lower
temperature interval above room temperature and the
material parameters ( the elastic moduli, Poisson’s ra-
tios and the coefficients of thermal expansion of the
matrix and the fiber, Ev, Er, Ui, U, ay and aF)
are generally insensitive to temperaturel® 7= % M1
they are approximately assumed to be independent of
temperature. In the present calculations, these mate-
rial parameters are taken from a typical SiC whisker
reinforced aluminum matrix composite ( SiC,/
6061A1, T6 heat-treatment)'!> ' 1 i e Ey= 74
GPa, Er = 483 GPa, W= 0.33, U= 0. 17,
ay=23x10"% C and op= 4.31x10"° C; the
yield strength and the work hardening ratio of the
matrix Oy= 357 MPa and n= 0. 20; the temperature

change is chosen as | Al = 200 C.
3 RESULTS AND DISCUSSION

3.1 Distributions of TRS

Fig. 2 shows the distributions of the matrix axial
residual stress Ok, the fiber axial residual stress Op
(averaging over the crosssections of the matrix and
the fiber, respectively) and the interfacial residual
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Fig. 2 Distributions of fiber axial residual stress ( 0{:{) , matrix axial

residual stress ( Oy) and interfacial shear residual stress ( T)
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shear stress T (along the matrix-fiber interface, i. e.
at R= Ry) for different fiber volume fraction %,
fiber aspect ratio A and fiber end distance K (the
calculations show that the distributions of the above
residual stresses are nomuniform in the radial or R

direction) . Fig. 2 shows that the distributions of Ol\R/[,
of and T are norruniform along the fiber direction.
In the fiber region (0 <Z <L ), Oy is tensile (post
tive value) and OF is compressive ( negative value).
oy and Of have their maximum (absolute) values in
the middle section of the unit cell (Z= 0). Oy is e
qual to zero in most of the fiber end region (L <Z <
L¢) and Oy is smaller than zero in a small region near
the fiber end face (Z= Ly), indicating that the fiber
end face endures a compressive stress. T (absolute
value is zero at /= 0 and Z= L¢, and has its maxi
mum ( absolute) value at Z= Ly.

Fig. 2 also shows that %, Ay and K have im-
portant effects on the distributions of 0y, Of and T.
Oy increases, Of (absolute value) decreases and T

has small variation with the increase of ®. ON and

of (absolute value) increase and T decreases with in-
crease of Ap. O increases, 01;( absolute value) de

creases and Thy has small variation with the increase
of K. It can be seen from Fig. 2 that % has larger

effects on Of and Of than Apand K. ¥, Apand K
have relatively small effects on T

3.2 Development of matrix plasticity

To study the development of the matrix plastici-
ty, the contours of the von Mises effective stress and
the hydrostatic stress in the matrix and the fiber un-
der tensile and compressive loadings for Ap= A ¢= 5,

P=0.184 and K= 1.75 (for this K value, L¥/Lc

= Ry/ Rc'* ™) are given in Fig. 3 and Fig. 4. Fig. 3
shows that in the fiber region, the effective stress in
the matrix is very high when the tensile or compres-
sive strain is equal to zero, the plastic deformation oc
curs in a thin layer region around the fiber. In the
fiber end region, the effective stress in the matrix is
relatively lower and the plastic deformation occurs
only in local region near the fiber sharp corner. Fig. 4
reveals that the distributions of the hydrostatic stress
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Fig. 3 Contours of von Mises effective stress of matrix and fiber in tension and compression
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are norruniform in the matrix and fiber, especially in
the region around the fiber end face. The entire fiber
is in a state of hydrostatic compression, the entire
matrix is in a state of the hydrostatic tension.

When a tensile loading is applied to the compos-
ite, the plastic deformation in the matrix develops
rapidly in the fiber region and the matrix in this re-
gion enters a plastic state at a very small strain ( &=
0. 002). Because the effective TRS is lower before
the tensile loading, the plastic deformation occurs in
the fiber end region, most of the matrix in this region
enters the plastic state at a larger strain ( & =
0. 005). The calculations reveal that when the tensile
strain reaches 0. 006 4, the entire matrix in the fiber
region and the fiber end region enter a full plastic
state. Fig. 4 shows that as the applied tensile strain
increases, there is a transition of the stress state in
the fiber from hydrostatic compression to hydrostatic
tension. This transition is slower and a hydrostatic
compressive region exists still in the fiber near the
fiber end face at &= 0. 007. In the fiber region,
there is a transition of the stress state in the matrix
from hydrostatic tension to hydrostatic compression.
As the tensile strain increases, the hydrostatic tensile
stress in the matrix decreases, but there is still a hy-
drostatic compressive region near the middle section of
the unit cell at &= 0. 007. In the fiber end region,
the hydrostatic tensile stress in the matrix increases
with increasing the tensile strain and is the largest in
the region near the fiber end face.

When a compressive loading is applied to the
composite, the effective TRS in the fiber increases

with increasing compressive strain. In the fiber re-
gion, the effective stress in the matrix first decreases
when the compressive strain is smaller ( & <0. 002),
then increases slowly. In the fiber end region, the ef-
fective stress in the matrix near the fiber end face in-
creases quickly, and the plastic region extends toward
the region far from the fiber end face. The distribu-
tions of the effective stress in Fig. 3 reveal that in
compression, the matrix enters a full plastic state
when the compressive strain reaches — 0. 010, which
(absolute value) is larger than that in tension ( &=

0.006 4). It can be seen from the distribution of the
hydrostatic stress in Fig. 4 that there is a transition of
the stress state in the matrix from the hydrostatic
tension to the hydrostatic compression during the
compressive loading.

3.3 Stress distributions under tensile and compres-
sive loadings

The distributions of the matrix axial stresses Oy
(averaging over the fiber cross-section), the fiber ax-
ial stresses Op( averaging over the fiber cross section)
and the interfacial shear stress Tj( along the matrix-
fiber interface) are shown in Fig. 5 for given %, Ay
and K. In tension, as the tensile strain increases, Op
(absolute value) decreases and becomes tensile, the
gradient of Op along the fiber direction has a reverse
change. In the fiber region, Oy increases first, then
decreases with increasing the tensile strain. In the
fiber end region, Oy increases continuously with i
creasing applied tensile strain and is larger than that
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Fig. 5 Distributions of fiber axial stress ( Op), matrix axial stress ( Oy) and

interfacial shear stress ( T;) under tensile and compressive loadings
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in the fiber region. In the region near the fiber end
face, Ow has a complicated variation. In the entire
length of the unit cell, T (absolute value) decreases
first and becomes positive, then increases with in-
creasing the tensile strain.

In compression, as the compressive strain in-
creases, Op( absolute value) increases. In the fiber re-
gion, Oy decreases and has a transition from tension
to compression with increasing the compressive
strain. The transition is slow, the local region of the
matrix in the middle section of the unit cell is still
tensile when the compressive strain is equal to 0. 009.
In the fiber end region, Oy increases continuously
with increasing the compressive strain. In the entire
length of the unit cell, T;( absolute value) increases
continuously with increasing the compressive strain.

It can be seen from Fig. 5 that due to the pres
ence of TRS, the stress distributions is asymmetrical
in tension and compression. The calculations also re-
veal that at a higher strain level, the average values of
the matrix axial stress over the entire matrix in ten-
sion is larger than that in compression, while the av-
erage values of the fiber axial stress over the entire
fiber in compression is larger than that in tension.
The latter indicates that the stress transfer effect from
the matrix to the fiber in compression is enhanced due
to the presence of TRS. Furthermore, it can be found
by comparing the results in the absence of TRS!
with that in the presence of TRS, the stress transfer

in tension is smaller than that in the absence of TRS,
and the stress transfer in compression is larger than
that in the absence of TRS. These changes in the
stress transfers (or the fiber axial stress) and the ma
trix axial stress in tension and compression will pro-
duce important influences on the composite proper
ties.

3.4 Effects of material structure parameters

Fig. 6 shows the effects of the material structure
parameters ¥, Ay and K on the stress distributions
under tensile or compressive loadings for a given
strain ( absolute value) of | &l = 0.005. As shown in
Fig. 6, the effects of these material structure parame-
ters on the stress distributions are different in tension
and compression. As % increases, Op in tension in-
creases, Op(absolute value) in compression decreases;
in the fiber region, Oy in tension decreases and Oy in
compression increases; while in the fiber end region,
Oy in tension and compression has reverse or same
variations to those in the fiber region. T; in tension
and compression has similar varying tendencies to that
with %. In two cases, in most regions near the mid-
dle section of the unit cell and the end face of the unit
cell, T; decreases with increasing . T, in tension
has a complicated variation with % in the region near
the fiber end face. As Ay increases, in tension and
compression, Op and Oy in the fiber region increase,
Oy inthefiber endregionincrease. Thevaryingtendency
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Fig. 6 Effects of the material structure parameters on fiber axial stress ( Of),

matrix axial stress ( Oy) and interfacial shear stress ( ) under tensile and compressive loadings

(——= For Ap= 2, %= 0.185, K= 1.75;

For Ap=5, %= 0.185, K= 1.75;

----- For Ap=5, %= 0.078, K= 2.34;--- For Ap= 5, %= 0.185, K= 1.50)
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of T with A is similar to that with %. As K de
creases, Op( absolute value) in tension and compres-
sion increases; in compression, Oy ( absolute value)
decreases in the fiber region and increases in the fiber
end region; while Oy in tension increases in the both
regions. (in compression and tension, T has very
small variation in the both regions).

The effects of above three structure parameters
on the stress distributions result from mainly two
mechanisms, 1.e. the stress transfer from the matrix
to the fiber and the restraint to deformation between
the matrix and the fiber, which originate from the
mismatch in the material properties between the ma-
trix and the fiber. The above three structure parame-
ters affect these two mechanisms in different ways
and these effects become more complicated due to the
presence of TRS. Ay affects mainly the stress trans-
fer by changing the matrix-fiber interfacial length.
% affects the stress transfer and also changes the re-
straint between the matrix and the fiber by partition-
ing the deformation (the stress and the strain) be
tween the matrix and the fiber. The effects of K on
two mechanisms are similar to those of %, but main-
ly by partitioning the deformation between the fiber
region and the fiber end region.

4 CONCLUSIONS

1) The thermal residual stresses in the matrix
and the fiber can reach quite high level and distribute
norruniformly. They can result in local plastic defor
mation in the matrix near the fiber end face and the
matrix-fiber interface. The amount and distributions
of the thermal residual stresses depend strongly on the
material structure parameters. The effect of the fiber
volume fraction is more significant than that of the
fiber aspect ratio and the fiber end distance.

2) Due to the thermal residual stresses, the
stress distributions in the matrix and the fiber and the
development of the matrix plasticity are asymmetric
under tensile and compressive loadings. In tension,
there is a transition of the fiber axial stress from com-
pression to tension, and in compression there is a
transition of the matrix axial stress from tension to
compression. The thermal residual stresses enhance
the stress transfer in compression and reduce the
stress transfer in tension compared with that in the
absence of the thermal residual stresses.

3) The material structure parameters have im-
portant effects on the stress distributions under tensile

and compressive loadings. They affect the stress dis-
tributions mainly through the effects on the stress
transfer and the restraints to the deformation between
the matrix and the fiber in different ways. These ef-
fects become more complicated due to the presence of
the thermal residual stresses.
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